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Dehydrins, known as group 2 or D-11 family late-embryogenesis-abundant (LEA)
proteins, play important roles in plant growth and stress tolerance. Six dehydrin genes
were previously identified from the genome of Prunus mume. In this study, five of them
(PmLEA8, PmLEA10, PmLEA19, PmLEA20, and PmLEA29) were cloned from cold-
resistant P. mume ‘Beijingyudie’. Real-time RT-PCR analysis indicated that all these
genes could be up-regulated by one or several treatments (ABA, SA, low temperature,
high temperature, PEG, and NaCl treatments). The results of spot assay demonstrated
that the expression of all these dehydrins, except PmLEA8, conferred improved osmotic
and freezing-resistance to the recombinant Escherichia coli. So four dehydrin genes,
PmLEA10, PmLEA19, PmLEA20 and PmLEA29 were chosen for individual over-
expression in tobacco plants. The transgenic tobacco plants showed lower relative
content of malondialdehyde, relative electrolyte leakage and higher relative content of
water than control plants when exposed to cold and drought stress. These results
demonstrated that PmLEAs were involved in plant responses to cold and drought.
Keywords: Prunus mume, dehydrins, LEA proteins, cold stress, drought tolerance
INTRODUCTION
Dehydrins, which are also known as group 2 or D-11 family late-embryogenesis-abundant (LEA)
proteins, are a family of highly hydrophilic, glycine-rich, heat-stable, and intrinsically unstructured
proteins (Soulages et al., 2003; Hundertmark and Hincha, 2008; Banerjee and Roychoudhury,
2016). They have been reported in a wide range of organisms, including higher plants, mosses,
fungi, algae, and cyanobacteria (Close and Lammers, 1993; Cuming et al., 1994; Li et al., 1997;
Saavedra et al., 2006; Pochon et al., 2013). Dehydrins typically accumulate in the late stages of seed
maturation and in vegetative tissues in response to drought, salinity, low temperature, or abscisic
acid (ABA) treatment (Battaglia et al., 2008). Dehydrins are characterized by the presence of one
or several conserved, lysine-rich K segment (EKKGIMDKIKEKLPG) (Rorat, 2006). This segment
can fold into an amphipathic α-helix structure that may interact with lipid membrane or partially
denatured proteins (Koag et al., 2009) to protect the cell against damage caused by stress. Apart
from the K segment that can be found in all dehydrins, some dehydrins may possess S segment
(serine cluster) and Y segment (DEYGNP). Based on the arrangement of these three segments,
dehydrins can be classified into five subclasses: YnSKn, SKn, Kn, YnKn, and KnS (Close, 1996,
1997).
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Although the function of dehydrins has not been fully
understood, several studies have clearly demonstrated their roles
in abiotic stress tolerance. In the study of Physcomitrella patens,
a knockout dehydrin mutant was generated using homologous
recombination. When returned to optimal growth condition
after salt and osmotic treatment, the wild type moss could
recover to 94% of its fresh weight, while the mutant only
reached 39% of its fresh weight (Saavedra et al., 2006). And
then, PpDHNA and PpDHNB whose expressions were induced
by salt and osmotic stress were identified in moss. The transgenic
Arabidopsis plants with overexpressed PpDHNA and PpDHNB
genes showed different effects on rosette and root growth in
stress conditions (Ruibal et al., 2012). In cowpea, a 35-kDa
dehydrin was demonstrated to cosegregate with chilling tolerance
during seedling emergence (Ismail et al., 1999). In Arabidopsis,
simultaneous overexpression of two dehydrins enhanced cold
tolerance. The transgenic plants exhibited reduced ion leakage
and improved survival than the control plants (Puhakainen et al.,
2004). In banana, SK(3)-type dehydrin gene, MusaDHN-1 was
identified, the transgenic banana plants performed improved
drought and salt tolerance (Shekhawat et al., 2011). More and
more dehydrin genes have been identified in tomato, Avicennia
officinalis, wheat, maize, barley, rice, Rhododendron catawbiense,
Saussurea involucrata and so on. The transgenic plants performed
improved tolerance in drought or cold stress (Cheng et al., 2002;
Park et al., 2006; Brini et al., 2007; Peng et al., 2008; Munoz-Mayor
et al., 2012; Jyothi-Prakash et al., 2014; Kosava et al., 2014; Qiu
et al., 2014).
Prunus mume Sieb. et Zucc. is a deciduous tree that produces
fragrant flowers in late winter to early spring of China. It
originated in the southern China around the Yangtze River,
and was later introduced to northern China (Jiang and Chen,
2011). Southern China is warm and wet, with lowest temperature
around 0◦C and average rainfall exceeding 1,000 mm per
year. However, for most part of northern China, the annual
precipitation is around 500 mm, and its lowest temperature can
drop as low as −20◦C (Zhai et al., 2005; Song et al., 2011).
Low temperature and water deficiency were considered as the
key ecological factors that affected the distribution of P. mume
(Jiang and Chen, 2011). Therefore, many studies have been
carried out to enhance the stress tolerance of P. mume since
1957 (Chen et al., 2008). The role of dehydrins in P. mume
stress resistance had never been studied before. Understanding
the functions of dehydrins identified from the genomic data
of P. mume, could provide experimental evidence for future
cold/drought-tolerance molecular breeding. In this study, five
dehydrin genes were cloned from P. mume ‘Beijingyudie’, which
has better freezing tolerance than other varieties. Expression and
transgenic analyses showed that four of them were involved in
stress tolerance.
MATERIALS AND METHODS
Plant Materials and Treatments
Prunus mume is also called mei in Chinese. The wild mei
found in Tibet was used for genome sequencing (Zhang et al.,
2012). Prunus mume ‘Beijingyudie’ is a new cultivar that
can withstand temperatures as low as −19◦C (Chen et al.,
1995). Annual branches approximately 60 cm in length with
newly mature leaves were collected at 10 am from a 10-
year-old ‘Beijingyudie’ tree on the campus of Beijing Forestry
University, Beijing, China. Stress treatments were performed
following Liu et al. (2009). Approximately 12 branches were
placed in flasks containing 200 mM NaCl or 20% PEG-6000
for imposing salt or osmotic stress, respectively. Branches
in water served as controls. For the temperature treatments,
branches were maintained in distilled water at 4◦C or 37◦C
for low and high temperature treatments, respectively. Branches
maintained at 20◦C served as controls. For the ABA treatment,
branches were transferred to flasks containing 100 µM ABA,
and for the SA treatment, branches were treated with 2 mM
SA. Untreated branches were used as controls. The leaves
were sampled 4 h after treatment. Approximately 3 leaves
from different branches were sampled, and immediately frozen
in liquid nitrogen and stored in a −80◦C freezer until
use. For each treatment, 3 independent replications were
performed.
Gene Cloning and Plasmid Construction
Total RNA was extracted from leaves using Trizol reagent
(Invitrogen, USA) following the manufacturer’s instructions,
and then treated with RNase-free Dnase (Promega). First-
strand cDNAs were synthesized from the total RNAs
using M-MLV reverse transcriptase (Promega). The coding
sequences were cloned using RT-PCR (see Table 1 for
primers). The amplicons were inserted into the GATEWAY
donor vector pGWC (Chen et al., 2006), and at least three
independent clones were sequenced. The Escherichia coli
expression vectors (pDEST15-PmLEAs) and plant expression
vectors (pEarleyGate203-PmLEAs) (Earley et al., 2006) were
established by LR recombination reaction (Invitrogen, USA) and
confirmed by sequencing. All of the bacterial strains mentioned
above were only used in the laboratory under controlled
conditions.
Gene Expression Analysis
For gene transcript analysis, quantitative real-time RT-PCR
was performed using the PikoReal real-time PCR system
(Thermo Scientific). The P. mume Actin (ID: Pm005252) or
Nb Tubulin (ID: 104112550) gene was used as an internal
control (Wang et al., 2014). The specificity of PCR reaction
was verified by melting curve analysis. The primers used in
the real-time PCR are shown in Table 1. Three biological
replicates were performed, and each replicate was measured
in triplicate. Relative gene expression was calculated according
to the 11CT method (Schmittgen and Livak, 2008) and
normalized with reference genes and levels under the control
condition. For analysis of PmLEAs expressing in transgenic
tobacco plants, because no specific signal was detected in
control (transformed with empty vector), 1CT method was
used to calculate the levels of PmLEAs genes relative to Nb
tubulin.
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TABLE 1 | Primers sequences used in this study.
Name Sequence Utilization
PmLEA8-F ACCATGGCGAATTACCAGAACC Gene cloning
PmLEA8-R TTAATAATGTCGTCCATCAAGTTT Gene cloning
PmLEA10-F ACCATGGCGAGCTATGAGAAGC Gene cloning
PmLEA10-R CTAGTGTTGTCCGGGAAGTTTC Gene cloning
PmLEA19-F ACCATGGCAGATCATTACCCAAAAG Gene cloning
PmLEA19-R CTAATACTCCTTTGGCTTCTCC Gene cloning
PmLEA20-F ACCATGGCTCAAATTCGTGATGAG Gene cloning
PmLEA20-R TTAGTGGCTGTGATGACCAGG Gene cloning
PmLEA29-F ACCATGGCGGAGGAGTACAACAA Gene cloning
PmLEA29-R TTAATAGGAAGACGTTTCCTTCTC Gene cloning
PmLEA8-QF TGCATCTTACGATGGAACCGGCTA Real-time PCR
PmLEA8-QR TGGTGGTGGCGGTTGTATGAGTAT Real-time PCR
PmLEA10-QF TACAACTGCCACCACCACACCTTA Real-time PCR
PmLEA10-QR AGTGTTGTCCGGGAAGTTTCTCCT Real-time PCR
PmLEA19-QF AGGAAGGTCAAGGTTGTGGGATGT Real-time PCR
PmLEA19-QR CGGCAAGAGTGTGCTTATGTTGCT Real-time PCR
PmLEA20-QF ATTGACTGGTGGGAAGCACAAGGA Real-time PCR
PmLEA20-QR TCAGTTGTCGCTGTGGTTGTGATG Real-time PCR
PmLEA29-QF ATGCTGAGCCTGCAGTAGTAGGTT Real-time PCR
PmLEA29-QR TCCTTCTCCTTGATGGCCTCCTTT Real-time PCR
PmActin2-QF CCCTAAGGCTAACAGAGAAAAGA Real-time PCR
PmActin2-QR CAGCAAGGTCCAGACGAAGAAT Real-time PCR
NbTubA1-QF CCTCCTATGCTCCTGTCATTTCAG Real-time PCR
NbTubA1-QR ATGGCGAGGATCACACTTAACCA Real-time PCR
17-F CAGAAAGAATGCTGACCCAC Transgenic detection
17-R GCCATAAAGTCAAAGCCTGC Transgenic detection
Protein Expression in E. coli and Spot
Assay
The pDEST15-PmLEAs vectors were introduced into E. coli strain
BL21 (DE3), and the expression of recombinant proteins was
induced by 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG)
for 1–5 h at 37◦C. Protein profiles were examined by 12% SDS-
PAGE. After induction by 1mM IPTG for 1 h at 37◦C, the spot
assay was performed to test the stress tolerance of recombinant
E. coli, with three replicates for each sample. To evaluate osmotic
stress, cell cultures of BL/pDEST15-PmLEAs were adjusted to
OD600= 0.6 and then diluted serially (to 1:10, 1:100, and 1:1000).
Five microliters of each sample was spotted onto the LB plates
containing 1 mM IPTG and 1 M sorbitol. For the freeze-thaw
test, 1 ml OD-adjusted cell cultures in tubes were immediately
placed in a −80◦C freezer and maintained there for 4 h. Then,
the samples were thawed at room temperature. After six freeze-
thaw cycles, the samples were diluted and spotted onto LB plates
with 1 mM IPTG. The plates were incubated at 37◦C for 10 h.
The bacterial colonies were counted (cfu), and differences were
analyzed. BL/pDEST15-GUS was used as a control.
Tobacco Transformation and Stress
Tolerance Analysis
The constructed plant expression vectors, pEarleyGate203-
PmLEAs, were transformed into Agrobacterium tumefaciens
strain EHA105 using freeze-thaw transformation (Chen et al.,
1994). Transgenic tobacco (Nicotiana benthamiana) plants were
generated by Agrobacterium-mediated leaf disk transformation
(Burow et al., 1990). Transgenic plants were selected on MS
medium supplemented with 2 g/L Basta, and then verified by
PCR. Surface-sterilized transgenic seeds (T1) were germinated
on 1/2 MS medium containing 2 g/L Basta, and transgenic lines
with a 3:1 (resistant: sensitive) segregation ratio were selected to
produce seeds. The T2 lines that displayed 100% Basta resistance
were selected for further study. Real-time RT-PCR was used to
examine the expression of PmLEAs in the transgenic lines using
α-tubulin gene (TubA1, gi: 17402466) as the reference.
The T2 transgenic lines were grown at 22◦C under a 16-h light
(100 µmol m−2s−1) and 8-h dark regime with 60% air relative
humidity in soil for 2 months. And then the plants were treated
in incubator at 4◦C for 24 h with 16-h light and 8-h dark to
impose cold stress. For the drought treatment, water was withheld
from transgenic tobacco plants for 15 days. Before the drought
treatment, each pot soil has absorbed water in a tray to saturation.
Lines transformed with empty vector were used as controls.
Three biological replicates were used to perform one independent
experiment and 5 plants for each line were used in one biological
replicate. So, approximately 15 plants were included in each
line for different treatment. Relative malondialdehyde (MDA)
content and relative electrolyte leakage (REL) of leaf samples
were tested following the methods of Xing (Xing et al., 2011).
The latest two mature leaves from a plant were collected for
experiments.
All of the transgenic tobacco plants were grown in a light
incubator under controlled conditions.
Protein Assay and Analysis
The Myc tag was fused with N-terminal of PmLEA protein
in plant expression vector pEarleyGate203-PmLEA. The target
protein accumulations in PmLEAs transgenic tobacco plants were
detected by western blot using anti-Myc antibody. The leaves
were collected from the 2-month-old T2 transgenic tobacco
plants and the total proteins were extracted using the grinding
buffer (50 mM Tris pH7.5, 150 mM NaCl, 10 mM MgCl2, 0.1%
NP-40, 1 mM DTT and 1 mM PMSF). The protein concentrations
were measured by Nanodrop 2000 using the Bradford method.
The loading quantity for each sample was 50 µg. Two 10%
SDS-PAGE gels were used, one for western blot, the other for
coomassie brilliant blue staining. The membrane stained using
Ponceau S after the proteins transferring to PVDF blotting
membrane. The PVDF membrane softly shaked in blocking
buffer (5% BSA) for 2 h then was washed with TTBS buffer (8.8 g
NaCl, 20mL Tris-HCl (1M, pH8.0), 0.5 mL Tween-20 and ddH2O
to total volume 1L) for three times, 5 min for one time. The
blocking buffer added anti-Myc antibody (1:1000) was used in
primary antibody incubation. After softly shaking for 2 h, the
PVDF membrane was washed with TTBS buffer for five times,
5 min for one time. The block buffer added GAM (1:10000,
HRP labeled) was used in secondary antibody incubation. After
softly shaking for 2 h, the membrane was washed with TTBS
buffer for five times, 5 min for one time. The membrane was
coated with chemiluminescence substrate (Thermo Scientific
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Pierce ECL 32106) and the signals of target proteins were detected
by chemical luminescence imaging system.
Relative Water Content (RWC)
Approximately 3–5 leaves from different transgenic tobacco
plants were sampled, and weighed to obtain the fresh weight.
The leaves were then immediately hydrated to full turgidity for
3–4 h under normal room light and temperature. After hydration,
the leaves were removed, rapidly dried of surface moisture and
weighed to obtain the turgid weight. The leaves were then oven
dried at 80◦C for 24 h and weighed to determine the dry weight.
The RWC of each sample was calculated as follows:
RWC (sample)= [(FW-DW)/(TW-DW)],
Where FW is the fresh weight, TW is the turgid weight, and
DW is the dry weight.
The values of RWC shown in the results were normalized with
those of corresponding lines under control conditions. So RWC
was calculated as follows:
RWC= RWC (Treat)/RWC (Control),
Where Treat refers to the cold or drought treatment, and
Control refers to the control treatment.
Statistical Approach for MDA and REL
The MDA content or REL of each sample was tested according to
the methods of Xing et al. (2011), with three independent repeats.
The values of MDA and REL shown in the results were
normalized with those of corresponding lines under control
conditions. So MDA and REL were calculated as follows:
Relative MDA content=MDA content (Treat)/MDA content
(Control)
REL= REL (Treat)/REL (Control)
Where Treat refers to the cold or drought treatment and
Control refers to the control treatment.
RESULTS
Cloning and Characterization of PmLEAs
According to a previous bioinformatics analysis (Du et al., 2013),
six dehydrin genes were identified from P. mume: PmLEA8,
PmLEA9, PmLEA10, PmLEA19, PmLEA20, and PmLEA29. All
of these genes, except PmLEA9 were cloned from the chosen
variety ‘Beijingyudie’ (Figure 1b). The expressions patterns of the
PmLEAs genes in five different organs are shown in Figure 1a.
The highest expression levels among the genes were observed for
PmLEA29 in all five organs. Although the amino acid sequence
homology of the PmLEAs was low (consensus positions: 32.2%;
identity positions: 3.1%), they shared some similar segments
(Figure 1c). The amino acid sequence analysis indicated that
PmLEA8 contains five Y segments and three K segments and
therefore belongs to the YnKn-type dehydrins. PmLEA10 and
PmLEA20 are YnSKn-type dehydrins. PmLEA19 and PmLEA29
contained one S segment and three K segments, and therefore
belong to SKn-type dehydrins. Compared with the published
sequences of PmLEAs from the wild mei used for genome
sequencing (Zhang et al., 2012), the sequences gained from
‘Beijingyudie’ show some differences at the nucleic acid and
amino acid levels (Table 2). At the amino acid level, PmLEA8 in
‘Beijingyudie’ had one variation at position 45 (Q ->H) and two
duplications between K segments (Supplementary Figure S1).
However, for PmLEA19 and PmLEA29, no difference in amino
acid sequence between ‘Beijingyudie’ and the wild mei was
found.
Transcripts of PmLEAs under Different
Treatments
The plant hormones ABA and SA play important roles in
plant responses to abiotic stresses, such as cold and drought
(Cheng et al., 2016; Sah et al., 2016). Real-time RT-PCR was
used to examine the transcripts of PmLEAs in response to
ABA, SA, low temperature, high temperature, PEG, and NaCl
treatments. As shown in Figure 2, all of the genes were up-
regulated by one or more treatments. However, the expression of
PmLEA29 under the ABA treatment was half that of the control
treatment. Generally, the changes of PmLEA10 and PmLEA29
transcriptions after different treatments were lower than those
of the other genes. Interestingly, the amount of transcript of
PmLEA29 was increased by more than 19 times under the
high temperature treatment relative to the control treatment,
whereas under the other treatments, the increases in PmLEA29
transcription were approximately 4 times the transcript level
in the control treatment or lower. Generally, the transcript
changes of the dehydrin genes under the ABA, NaCl, and
PEG treatments were much greater than the change observed
under low temperature. For example, under PEG treatment, all
five dehydrin genes were up-regulated more than four times.
However, when the branches were exposed to 4◦C, only the
amount of PmLEA19 transcript was up-regulated by more than
four times. Under SA treatment, the transcripts of PmLEA8,
PmLEA19, and PmLEA20 were increased by more than 4 times
relative to the control treatment.
Tolerance of E. coli Recombinants
Expressing PmLEAs
PmLEAs were introduced into E. coli to analyze their functions
under different stresses. E. coli BL21 harboring pDEST15-
PmLEAs (BL/pDEST15-PmLEAs) were induced with 1 mM
IPTG for 1 to 5 h. Figure 3A and Supplementary Figure S5
shows the SDS-PAGE analysis of recombinant PmLEAs in
E. coli. As the pDEST15 vector contains a GST tag, the
size of the recombinant proteins of PmLEA8, PmLEA10,
PmLEA19, PmLEA20, and PmLEA29 are expected to be
approximately 63, 51, 48, 50, and 57 kD, respectively. The size
of the bands detected by SDS-PAGE analysis was consistent
with the expected size. However, similar-size bands were
absent in non-induced cells. The expression levels of the
recombinant proteins increased with increasing induction
time.
The spot assay was used to determine the effects of PmLEAs
on the survival of E. coli under desiccation and freeze stress.
As shown in Figures 3B,C, there was no obvious difference in
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FIGURE 1 | Identify the PmLEAs from Prunus mume ‘Beijingyudie’. (a) The expressions patterns of PmLEAs genes in five organs. It was drawn based
transcriptome data. (b) The flowers of Prunus mume ‘Beijingyudie’. (c) The multiple sequences alignment of PmLEAs. The black and gray background show
conserved and weakly similar sites respectively. The Y motifs are displayed in the red boxes, the K motifs are in green boxes and the S motifs are in purple boxes.
TABLE 2 | Sequence variations of dehydrins in P. mume ‘Beijingyudie’.
Gene name Gene ID∗ Nucleotide level Protein level
PmLEA8 Pm026682 r.135A > C r.292_396dup r.646_699dup Q45H D98_T132dup P216_T233dup
PmLEA10 Pm026684 r.93G > C r.461A > G r.513G > C D154G
PmLEA19 Pm020945 No No
PmLEA20 Pm021811 r.266A > G r.416C > A r.537T > C r.609T > G N89S T139K
PmLEA29 Pm006114 r.336C > T No
∗The genome sequences of Prunus mume can download from the website: http://prunusmumegenome.bjfu.edu.cn/
growth behavior between BL/pDEST15-GUS and BL/pDEST15-
PmLEAs on the LB plates, indicating that overexpression of the
PmLEAs did not inhibit the growth of the E. coli recombinants.
On LB plates supplemented with 1 M sorbitol, the numbers
of BL/pDEST15-PmLEAs colonies were much higher than those
of BL/pDEST15-GUS colonies. However, the protective effect
differed among PmLEAs. The number of BL/pDEST15-PmLEA8
colonies was much lower than the numbers of other BL/
pDEST15-PmLEAs colonies. Repeated freeze-thaw was used to
examine the protective effects of PmLEAs on E. coli under freeze
stress. After six freeze-thaw cycles, all PmLEA transformants
except PmLEA8 displayed significantly higher survival than that
of control. However, it appeared that the protective effect of
PmLEA10 was weaker than the protective effects of PmLEA19 and
PmLEA29.
Effects of PmLEA Overexpression on
Cold and Drought Tolerance
To investigate the functions of PmLEAs in stress tolerance,
tobacco plants were transformed with PmLEA10, PmLEA19,
PmLEA20, and PmLEA29. PmLEA8 was excluded from
transgenic analysis because of it had the lowest protection effect
on E. coli. More than fifty independent transgenic tobacco plants
(T1) were obtained for each dehydrin gene. Transgenic tobacco
plants were confirmed by antibiotic resistance and by amplifying
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FIGURE 2 | The relative expression level of PmLEAs genes under different treatments. The P. mume Actin was used as a reference gene. Samples in water
and maintained at 20◦C were used as controls (CK). The data are presented as the mean values of three replicates ± SD. ∗, 0.01 < P < 0.05; ∗∗, P < 0.01
(Student’s t-test). Three independent experiments were performed with similar results.
fragments of the PmLEAs using PCR (Figure 4A). For each gene,
the seeds of 12 PCR-confirmed T1 plants were germinated on
plates containing Basta. Among them, 29 transgenic T2 lines
showed a segregation ratio of 3:1 (resistant: sensitive, Figure 4B).
To compare the protective effect of different PmLEAs, 11
transgenic lines (T2) that showed similar expression levels as
α-tubulin were selected for stress tolerance testing: three lines
for PmLEA10 (10-4, 10-8, and 10-12), three lines for PmLEA19
(19-11, 19-22, and 19-27), two lines for PmLEA20 (20-6 and
20-9), and three lines for PmLEA29 (29-4, 29-6, and 29-8)
(Figure 4C). Three lines transformed with an empty vector
(17-2, 17-10, and 17-13), which did not amplify the bands of the
recombinant proteins in the gene expression analysis, were used
as controls. To confirm the primers used for realtime PCR were
specific to target genes and display the homology of dehydrins
from tobacco and P. mume, the nucleotide and amino acid
sequences of dehydrins identified from tobacco and P. mume,
were compared by multiple sequence alignment (Supplementary
Figures S3 and S4). The primers located in the specific regions
of dehydrins of P. mume (Supplementary Figure S3). Although
the amino acid sequence homology of these dehydrins was
low (consensus positions: 28.4%; identity positions: 2.5%), they
shared some similar motifs (Supplementary Figure S4). To
confirm the PmLEAs proteins accumulation in the transgenic
tobacco plants, one of each PmLEAs transgenic line was selected
to detect the level of PmLEA protein respectively using the
anti-Myc antibody (Figure 4D; Supplementary Figure S8). The
levels of PmLEAs proteins expressed in transgenic plants were
no different, except the PmLEA19 protein with higher level in
transgenic line 19–27.
For the cold-tolerance test, 2-month-old tobacco T2 plants
were exposed to 4◦C for 24 h. The degree of cold injury was
estimated by relative MDA content, REL and RWC. As shown in
Figures 5A–C, the REL and relative MDA content in transgenic
plants were decreased significantly compared with those in the
control plants, whereas the RWC was significantly increased
in the transgenic tobacco plants. These results suggested that
the overexpression of PmLEAs enhanced cold tolerance in
the transgenic tobacco. The leaves became soft and prolapsed
after cold treatment, but there were no obvious differences in
phenotypes between the PmLEAs transgenic and control plants.
For the drought treatment, water was withheld from transgenic
tobacco plants for 15 days. The MDA, REL and RWC in the plants
were measured. As shown in Figures 5D–F, the REL and relative
MDA content in PmLEAs transgenic plants were decreased
compared with those of the control plants, and the RWC was
increased in the transgenic plants. It’s interesting that the plants
became wilted and the leaves became soft and prolapsed after
drought treatment, but there were no obvious differences in
phenotypes between the PmLEAs transgenic and control plants,
although in recovery, all the control plants were dead and the
PmLEAs transgenic plants showed obviously enhanced drought
tolerance compared to the control plants after recoveries by
watering (Supplementary Figure S7). These results suggested
that the overexpression of PmLEAs enhanced the resistance
to drought stress in transgenic tobacco. Additionally, in the
PmLEA20 transgenic plants, the REL and MDA amounts under
normal conditions were significantly higher than those of control
plants, whereas the RWC was lower under normal conditions
(Supplementary Figure S2). When the PmLEA20 transgenic
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FIGURE 3 | The prokaryotic expression of proteins PmLEAs and growth performance of E.coli under sorbitol or freeze-thaw cycles treatments. (A)
SDS-PAGE analysis of prokaryotic expression product for PmLEAs without IPTG induction (0 h) or subjected to different time of IPTG induction (1 – 5 h). Arrows
indicate presence of the induced protein at the expected size. (B) The growth performance of E. coli BL21(DE3)/pDEST-PmLEAs on LB plate (left), LB plate with 1M
sorbitol (middle) and on LB plate after 6 freeze-thaw cycles (right). CK: BL(DE3)/pDEST15-GUS, 8: BL21(DE3)/pDEST-PmLEA8, 10: BL21(DE3)/pDEST-PmLEA10,
19: BL21(DE3)/pDEST-PmLEA19, 20: BL21(DE3)/pDEST-PmLEA20, 29: BL21(DE3)/pDEST-PmLEA29. The cell cultures were adjusted to OD600 = 0.6, and then
diluted serially (1:10, 1:100, and 1:1000, respectively). Five microliter of each sample was spotted onto the LB plates containing 1 mM IPTG. (C) The statistical
analysis of bacterial colonies after different treatments, as shown in above. The data are presented as the mean values of three replicates ± SD. ∗, 0.01 < P < 0.05;
∗∗, P < 0.01 (Student’s t-test). Three independent experiments were performed and gave similar results.
plants were treated with cold or drought stress, the REL and MDA
content were not increased (percentage < 1), and the RWC was
not reduced (percentage> 1), compared to the levels in untreated
plants (Figure 5). It should be mentioned that the size of the
PmLEA20-overexpressing plants was smaller than that of the
control plants (Supplementary Figure S6). No morphological
or developmental defects were detected for the other transgenic
plants.
DISCUSSION
In this study, we amplified five dehydrin genes (PmLEA8,
PmLEA10, PmLEA19, PmLEA20, and PmLEA29) from P. mume
‘Beijingyudie’ based on a previous bioinformatics analysis (Du
et al., 2013). For PmLEA9, no specific band was found on
the agarose gel after several attempts. After inspecting the
whole sequence of PmLEA9, we found one region that was
not completely determined (NNNNN) in intron 2. Therefore,
we did not pursue the cloning of PmLEA9 in this study.
Several differences were found between the dehydrin proteins
from ‘Beijingyudie’ and those from wild mei in sequencing.
For example, PmLEA8 in ‘Beijingyudie’ has two duplications
between K segments at the amino acid level. Similar results
have been reported for sunflower (Natali et al., 2003) and
wheat (Baloch et al., 2012). Based on the amino acid sequence
analysis, the five dehydrin proteins were classified into three
groups: YnKn, YnSKn, and SKn. No KnS or Kn type dehydrins
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FIGURE 4 | Identified the expressions of PmLEAs in transgenic tobacco plants. (A) Identified the T1 seedlings of transgenic tobacco lines with PCR. EV:
transgenic plant with empty vector. There are six different lines for each gene. (B) One of the transgenic T2 lines showing a segregation of Basta resistance. Sensitive
plants are displayed in red cycles. (C) The expression levels of PmLEAs relative to that of α-tubulin in T2 lines. (D) The expression of PmLEAs protein in the different
transgenic tobacco plants. The proteins were detected using anti-Myc antibody. The ponceau S stain was used as a loading control.
were identified in P. mume. In apple (Malus domestica),
12 dehydrins have been identified and are classified into
four groups: YnKn, YnSKn, SKn and Kn (Liang et al.,
2012).
The real-time PCR analysis revealed that all of the PmLEAs
could be induced by different stresses. However, the extent
of induction varied among the different treatments, suggesting
different roles in P. mume. For example, the expression of
PmLEA20 in leaves was very low under normal conditions
(Du et al., 2013). However, in the present study, its transcription
in leaves was up-regulated by more than four times under most
treatments. In contrast to PmLEA20, the expression of PmLEA29
remained at a higher level in different organs under normal
conditions (Figure 1a), and it was up-regulated by less than
four times in most treatments. The phytohormone ABA plays
an important role in stress signal transduction (Lee and Luan,
2012). Dehydrins can respond to stresses in either an ABA-
independent or ABA-dependent way (Giordani et al., 1999). In
this study, PmLEA8, PmLEA19 and PmLEA20 were up-regulated
by more than four times under ABA treatment, indicating their
possible involvement in ABA-dependent pathways. However,
PmLEA29 was not induced by ABA. Similar results have been
reported in other studies. For example, in Arabidopsis, HIRD11
was found to be induced by cold treatment but not by ABA
treatment (Hundertmark and Hincha, 2008). In apple, MdDHN5,
MdDHN7, and MdDHN8 were not induced by ABA (Liang et al.,
2012). Only PmLEA19 was induced by low temperature and can
extremely significantly increase the tolerances of recombinant
bacteria cells to freeze-thaw treatments and transgenic tobacco
plants to cold stress. It means that PmLEA19 may play an
important role in P. mume to increase the cold tolerance in
winter.
Ectopic expression in E. coli and tobacco was used to assess
the protective effect of P. mume dehydrins against stress. Because
of the high solubility and few post-translational modifications of
dehydrins, the protein structures of dehydrins expressed in E. coli
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FIGURE 5 | Relative electrolyte leakage (REL) (A,D), relative MDA content (B,E) and relative water content (C,F) in PmLEAs transgenic tobacco lines after cold
or drought treatments. Two-month-old transgenic lines were treated at 4◦C for 24 h for cold stress. For drought treatment, water was withheld from transgenic
tobaccos for 15 days. Three lines for PmLEA10 (10-4, 10-8, and 10-12), three lines for PmLEA19 (19-11, 19-22, and 19-27), two lines for PmLEA20 (20-6 and
20-9), and three lines for PmLEA29 (29-4, 29-6, and 29-8) were included. Three Lines transformed with empty vector (17-2, 17-10, and 17-13) were used as
control. The relative changes were normalized with levels under normal condition (room temperature and well-watered). The data are presented as the mean values
of three replicates ± SD. ∗, 0.01 < P < 0.05; ∗∗, P < 0.01 (Student’s t-test). Three independent experiments were performed and gave similar results.
were similar to their natural states and may perform the same
functions. In our study, the expression of PmLEA8 protein did
not significantly improve the survival of E. coli under sorbitol
or freeze-thaw treatments. However, the expression of other
PmLEAs can increase the tolerance of recombinant bacteria cells
to sorbitol and freeze-thaw treatments to different degrees. It is
suggested that these dehydrins might have undergone functional
divergence and yield varying resistance levels under different
stresses. Therefore, in this study, the 4 PmLEAs (PmLEA10,
PmLEA19, PmLEA20, and PmLEA29) were transformed into
tobacco plants to investigate their effects on stress tolerance.
The transgenic tobacco plants showed different degrees of
tolerances to cold or drought stress in physiological analysis. It
is suggested that the dehydrins have similar protective effects
in prokaryotic cells and plants. Nevertheless the resistance
mechanisms in plants, as eukaryotic multicellular organisms
with complex membrane system and metabolic processes, must
be more complicated than those in prokaryote cells. In cold
treatment, we have extended the time of plants in chilling
stress, the leaves of plants were still soft and prolapsed but
no obvious differences in phenotypes between the PmLEAs
transgenic and control plants were found, although significant
differences displayed in physiology after cold treatment for 24 h.
Lower temperature we will try in our next work to assess
the cold tolerance of transgenic plants. In drought treatment,
there were no obvious differences in phenotypes between the
PmLEAs transgenic and control plants, although in recovery, all
the control plants were dead and the PmLEAs transgenic plants
showed obviously enhanced drought tolerance compared to the
control plants after recoveries. It’s possible that dehydrins can
keep biomembrance and proteins in natural state in plant cells
under water deficient, through the hydrophilicity of dehydrins.
Although the plants wilted and looked alike in drought stress, the
PmLEAs transgenic plants could recover growth after watering.
The size of PmLEA20 overexpression plants was smaller than
control plants (Supplementary Figure S6), and the MDA
amounts and electrolyte leakage were significantly higher, the
RWC was significantly lower under room temperature than those
of control plants (Supplementary Figure S2). Considering the
low expression of PmLEA20 in most organs (Figure 1a), the
overexpression of PmLEA20 may be harmful to plants. It has
been reported in previous studies that the constitutive production
of many stress-related proteins can lead to variable levels of
growth retardation (Gilmour et al., 2000; Dubouzet et al., 2003;
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Shekhawat and Ganapathi, 2014). The PmLEA19 protein highly
accumulated in transgenic tabacco plants, though it had no
significant difference in transcription level compared to other
PmLEAs genes in transgenic plants. But they had no higher
tolerances in PmLEA19 transgenic lines compared to other
PmLEAs lines in cold and drought treatments. It means that
the tolerance to stress is not simply directly proportional to the
accumulation of dehydrin protein; other unkown factors may
together affect the tolerances to stresses. It is also possible that the
differences in tolerances can not be distinguished by our methods
under the existing conditions of experiment and technology.
Dehydrins have the capability to act as hydration buffers due
to their hydrophilic segments. They can reduce the water-loss rate
of plants in abiotic stress. They can stabilize membranes through
the induction of preferential hydration or water replacement
at the interface with some macromolecules (Roychoudhury and
Nayek, 2014). Lipid membranes are among the most susceptible
structures to abiotic stresses. MDA content is widely used as an
indicator of lipid peroxidation (Taulavuori et al., 2001). When
the tobacco plants were exposed to cold or drought stress, the
transgenic lines accumulated less MDA than did the control
plants, suggesting that PmLEAs can inhibit lipid peroxidation
in tobacco. In addition, the REL was lower in transgenic plants
than in control plants. As electrolyte leakage occurs following
membrane damage, these results indicate that PmLEAs can
protect membranes from damage. Similar results have been
reported in a study of ZmDHN2b overexpression in tobacco,
wherein ZmDHN2b-overexpressing lines had lower levels of
cold-induced MDA and less electrolyte leakage than did wild-type
tobacco at 4◦C (Xing et al., 2011). The contribution of dehydrins
to plant abiotic stress tolerance might be partly due to their
protective effects on lipid membranes.
CONCLUSION
This is the first report of the expression and function of dehydrin
genes of P. mume under abiotic stresses. Further work is needed
to determine how these PmLEAs can be used to increase cold and
drought tolerance in P. mume.
AUTHOR CONTRIBUTIONS
FB and DD contributed equally to this work. FB: Conceived
and designed the experiments, performed the experiments,
analyzed the data, wrote the paper; DD: Conceived and designed
the experiments, performed the experiments, analyzed the
data, wrote the paper; YA: Performed the experiments; WY:
Conceived and designed the experiments; JW: Conceived and
designed the experiments; TC: Conceived and designed the
experiments; QZ: Conceived and designed the experiments,
wrote the paper.
ACKNOWLEDGMENTS
This work was supported by the Fundamental Research Funds
for the Central Universities (NO. BLX2014-35), the Fundamental
Research Funds for the Central Universities (No. 2016ZCQ02),
Forestry Science and Technology Extension Program of the State
Forestry Administration (China) ([2014]25) and Special Fund for
Beijing Common Construction Project (2016GJ-03).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2017.00151/
full#supplementary-material
FIGURE S1 | Comparison the amino acid sequences of PmLEA8 from
P. mume ’Beijingyudie’ and wild type P. mume. Duplicated regions are shown
in bold. Y motifs are displayed in the red boxes, and K motifs are underlined.
FIGURE S2 | The absolute MDA contents of PmLEAs transgenic tobacco
lines in normal conditions. ∗, 0.01 < P < 0.05; ∗∗, P < 0.01 (Student’s t-test).
FIGURE S3 | The multiple sequences alignment of dehydrin genes
identified from Nicotiana tabacum and Prunus mume. The sequences of
primers used for realtime PCR are displayed in the red boxes. NbLEA-Like
(LOC107776344); NbHIRD11-like (LOC107797981); NbHIRD11-like2
(LOC107761179); NbECPP44-like (LOC107793843); NbDHN1-like
(LOC107763252); NbCOR47-like1 (LOC107820757); NbCOR47-like2
(LOC107819804).
FIGURE S4 | The multiple sequences alignment of dehydrin proteins from
Nicotiana tabacum and Prunus mume. The conserved motifs are displayed in
the red boxes.
FIGURE S5 | SDS-PAGE analysis of prokaryotic expression product for
PmLEA10.
FIGURE S6 | The phenotypes of PmLEA20-overexpressing transgenic
plants.
FIGURE S7 | The phenotypes of PmLEAs-overexpressing transgenic
plants which were recovering after drought treatment.
FIGURE S8 | The coomassie brilliant blue staining of the whole gel
corresponds to the wester blot. It was added as loading control for western
blot.
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